Abstract. Tripterygium glycoside (TG), an active ingredient of the widely used chinese herb Tripterygium wilfordii Hook F, has immunosuppressive and anti-inflammatory effects. Previous studies have indicated that TG is a potentially effective therapeutic option to treat nephrotic syndrome. The mechanism underlying the therapeutic effect of TG, including its effect on autophagy and apoptosis in podocyte injury, remains to be fully elucidated. The present study aimed to assess the protective effect of TG on podocytes via its potential role in the activation of autophagic and phosphatidylinositol 3-kinase (PI3K) pathways. Using flow cytometry, western blot analysis, cell counting kit-8 assays and transmission electron microscopy analysis, the effects of TG on puromycin aminonucleoside (PAN)-induced podocyte injury were investigated. chloroquine (cQ), an inhibitor of autophagy, was used to assess the importance of autophagy in the protective effect of TG. In addition, LY294002, an inhibitor of class III PI3K, was used to identify which signaling pathways TG is involved in. PAN caused marked apoptosis of podocytes, which was significantly antagonized by TG. The expression of microtubule-associated protein 1A/1B-light chain 3 and the appearance of autophagosomes increased significantly following TG treatment, whereas the expression levels of p62 and cleaved caspase-3 were markedly decreased. Podocyte apoptosis decreased significantly when the podocytes were treated with TG compared with the levels of apoptosis in the PAN-and PAN+cQ-treated groups. The expression of phosphorylated AKT was increased significantly in the TG-treated groups, and the effects of TG on the podocytes were significantly inhibited by LY294002. In conclusion, TG protected podocytes from PAN-induced injury, and the effects were attributable to the activation of autophagy, mainly via a PI3K-dependent pathway.
Introduction
Podocytes are crucial to maintain the normal function of the glomerular filtration barrier. Several kidney diseases, including minimal change disease, focal segmental glomerular sclerosis and membranous nephropathy (1-3), are associated with podocyte injury. Therefore, the treatment of kidney diseases by protecting podocytes has become a popular research topic.
Tripterygium wilfordii Hook F (TwHF), a widely used chinese herb, is a member of the celastraceae family of perennial vine-like plants. Tripterygium glycoside (TG), extracted and purified from the root xylem of TwHF, is the active component of TwHF. TG has anti-inflammatory and immunosuppressive effects, and has been used extensively to treat autoimmune and inflammatory diseases, including rheumatoid arthritis, systemic lupus erythematosus and nephrotic syndrome (4, 5) . For example, TG exhibited promising therapeutic effects on idiopathic membranous nephropathy, which is one of the most common causes of nephrotic syndrome in adults. The injury and apoptosis of podocytes is associated with this typical kidney disease (6) (7) (8) . In another study of chronic kidney disease (cKd), a systematic meta-analysis showed that therapy with tripterygium preparations significantly decreased proteinuria and serum creatinine levels in patients with cKd (9) . However, the mechanism underlying this therapeutic effect remains to be fully elucidated.
In the present study, a puromycin aminonucleoside (PAN)-induced podocyte injury model was used to evaluate the effect of TG on podocyte injury. The study aimed to test the hypothesis that TG protects against PAN-induced podocyte injury by upregulating autophagy via the phosphatidylinositol 3-kinase (PI3K)/AKT pathway. , 100 U/ml penicillin G, and 100 mg/ml streptomycin. The podocytes were maintained and expanded at 33˚C with 100 U/ml interferon-γ in medium. For podocytes to acquire a differentiated phenotype, the cells were grown under 'restrictive conditions' at 37˚C. To induce injury, podocytes were treated with PAN (50 µg/ml) for 24 h. different concentrations of TG (0.31, 0.63, 1.25, 2.5, 5 and 10 µg/ml) were added 1 h prior to PAN treatment. cQ (20 µmol/l) and LY294002 (20 µmol/l) pretreatment were performed 1 h before PAN treatment.
Materials and methods

Reagents and antibodies. TG was purchased from
Cell viability assay. cell viability was measured using a ccK-8 assay (cat. no. c0038; Beyotime Institute of Biotechnology). The podocytes were seeded in 96-well plates at a concentration of 10 5 cells/ml. The cells were incubated with different concentrations of TG (0.31, 0.63, 1.25, 2.5, 5 and 10 µg/ml) at 37˚C, 5% cO 2 for 24 h. Following TG treatment, 10 µl of ccK-8 was added to each well, and the cells were incubated at 33˚C for 1 h. The absorbance was detected at 450 nm using a microplate reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Western blot analysis. The cells were washed three times with ice-cold phosphate-buffered saline (PBS) and lysed with cell lysis buffer (radioimmunoprecipitation assay; cat. no. R0010; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China), and the total proteins were extracted for western blot analysis. A BcA protein assay (Thermo Fisher Scientific, Inc.) was used for protein quantitation. The soluble material (50 µg) was subjected to SDS-PAGE with a 7.0% acrylamide gel and transferred onto a nitrocellulose membrane by electrophoretic transblotting for 90 min using Trans-Blot SD (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked at room temperature with 5% skim milk in Tris-buffered saline Tween-20 for 1 h and then probed at 4˚C overnight with the following primary antibodies: Anti-Lc3II (1:1,000), anti-p62 (1:500); anti-PI3K (1:600), anti-AKT (1:1,000), anti-p-AKT (1:1,000) and anti-caspase-3 (1:500). The membranes were then incubated with the horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:1,000; cat. no. A0208; Beyotime Institute of Biotechnology) for 1 h at room temperature. Following enhanced chemiluminescence detection, the membranes were stripped and proteins were rehybridized with anti-β-actin antibody (1:1,000, cat. no. 4970) or anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (1:1,000; cat. no. 5174) (both from CST Biological Reagents Co., Ltd., Shanghai, China). The protein levels were determined as the protein/β-actin or protein/GAPdH ratio to minimize differences in sample loading. Blots were analyzed using the ImageJ software version 1.8.0-112 (National Institutes of Health, Bethesda, MD, USA).
Analysis of apoptosis by flow cytometry.
A fluorescein isothiocyanate-Annexin V Apoptosis detection kit (Bd Biosciences, San Diego, CA, USA) was used to analyze podocyte apoptosis. The cells were washed twice with cold PBS, following which 1x10 6 cells were suspended in 195 µl of Annexin V-APc binding buffer. Subsequently, the solution was transferred to a 5 ml culture tube, and 5 µl of Annexin V and 5 µl of propidium iodide (PI) were added; the mixture was gently vortexed and incubated for 15 min at room temperature (25˚C) in the dark. Subsequent flow cytometric analysis (Bd Biosciences) was performed within 1 h.
Transmission electronic microscopy. The cell culture media were centrifuged for 10 min at 714 x g and 25˚C The supernatant was discarded and the cells were fixed in 2.5% glutaraldehyde, dehydrated with graded ethanol, and embedded in Epon 812 using standard laboratory procedures. Ultrathin sections (1 µm) were subsequently cut, mounted on nickel grids, and stained with lead citrate for transmission electron microscopy (JSM-IT300LV; JEOL, Ltd., Tokyo, Japan).
Statistical analysis. All statistical analyses were performed using SPSS 19.0 software (IBM SPSS, Armonk, NY, USA). The results are expressed as the mean ± standard deviation. Group means were compared using one-way analysis of variance followed by the least significant difference test for independent data. All P-values were two-tailed, and P<0.05 was considered to indicate a statistically significant difference.
Results
Cytotoxic effect of TG on podocytes. ccK-8 and Annexin V/PI assays was performed to detect the cytotoxic effect of TG on the cultured podocytes. The results showed that podocyte viability declined with increasing concentrations of TG. At a concentration of 2.5 µg/ml, podocyte viability was significantly decreased (Fig. 1A) . Similarly, the percentage of apoptotic cells was increased when treated with TG at 2.5 µg/ml (Fig. 1B) . No apparent effects of TG on the proliferation or apoptosis of podocytes were observed below a concentration of 2.5 µg/ml.
Protective effect of TG on PAN-induced podocyte apoptosis.
To observe the effects of TG on PAN-induced podocyte apoptosis in the present study, podocyte apoptosis was examined using flow cytometry and western blot analysis following treatment with PAN and different concentrations of TG. The in vitro experiments showed that, compared with the control group, the number of apoptotic cells was significantly increased in the PAN group (P<0.001). In the PAN+TG groups, apoptosis was inhibited by TG when the dose of TG added was ≥0.63 µg/ml, compared with that in the PAN group ( Fig. 2A and B) . The The expression of cleaved-caspase-3 was markedly increased in the PAN group, compared with that in the control group, and was decreased significantly in the PAN+0.63 µg/ml TG group and PAN+1.25 µg/ml TG group, compared with that in the PAN group. data are presented as the mean ± standard deviation (n=3). levels of cleaved-caspase-3 and caspase-3 were also detected by western blot analysis to evaluate the apoptosis of the podocytes in all groups. As shown in Fig. 2c -E, the level of cleaved-caspase-3 was increased significantly in the PAN-treated group, compared with that in the control group, whereas TG treatment significantly decreased the level of cleaved-caspase-3 in the PAN-treated podocytes.
TG protects against podocyte injury by upregulating cell autophagy. To evaluate the role of autophagy in the protective effect of TG against PAN-induced podocyte injury, the expression of autophagic markers, Lc3II and p62, in podocytes were detected by western blot analysis following treatment with PAN, TG and chloroquine (cQ), a widely used inhibitor of autophagy. As shown by the levels of Lc3II and p62, a protein degraded by autophagy pathways, autophagy was activated in the podocytes following treatment by TG and was inhibited by cQ treatment (Fig. 3) . The apoptosis of podocytes was detected by Annexin V/PI following treatment with PAN, TG and cQ. As shown in Fig. 4 , the apoptotic rate of the podocytes was negatively correlated with the level of autophagy. The apoptosis of podocytes induced by PAN treatment was reversed by TG treatment. When cQ was added, the protective effect of TG was inhibited. Therefore, an apparent increase in apoptosis in the PAN+cQ+TG group was observed. These results suggested that TG protected the podocytes from apoptosis by upregulating autophagy.
Assessment of autophagosomes by transmission electron microscopy. Transmission electronic microscopy was used to observe the effect of PAN and TG on autophagy. As shown in Fig. 5 , in the control group, the membrane surface of the podocytes had protrusions, the nuclei were irregular, the endoplasmic reticulum structure was clear and autophagosomes were visualized in the cytoplasm. However, in the PAN-treated podocytes, the cytoplasm contained a large number of vacuoles and few autophagosomes. The number of autophagosomes in the cytoplasm of the podocytes increased when treated with TG.
TG induces autophagy by activating the PI3K III signaling pathway. The class III PI3K inhibitor, LY294002, was used to assess the relevance of PI3K pathway activation in the protective effect of TG. The results of the western blot analysis showed that the level of p-AKT was reduced by PAN treatment and was rescued by TG treatment. The level of p-AKT was significantly reduced by LY294002 treatment (Fig. 6A and B) in the LY294002+PAN and LY294002+TG+PAN groups. However, no statistically significant difference was found in the levels of AKT when the podocytes were treated with PAN and TG (Fig. 6A and c) . The levels of autophagy makers, Lc3II and p62, were also measured by western blot analysis. The level of autophagy was also reduced by PAN treatment and rescued by TG treatment. Treatment with LY294002 also decreased the level of autophagy in the podocytes (Fig. 6A, d and E) . The levels of apoptosis of the podocytes were measured by Annexin V/PI analysis. The protective effect of TG on PAN-induced podocyte injury was counteracted by LY294002 treatment (Fig. 6F) .
Discussion
Previous studies have revealed that TG has therapeutic effects against various nephropathies, including IgA nephropathy, diabetic nephropathy and membranous nephropathy. Treatment with the autophagy activator rapamycin has been reported to reduce the progression of proteinuria and alleviate pathological lesions in IgA nephropathy rats (10) .
Podocytes, as post-mitotic differentiated cells, show limited capacity for regeneration once they are damaged. Podocyte injury can lead to marked proteinuria, and cause several glomerulopathies, beginning with glomerulosclerosis and chronic progression, and eventually leading to end-stage renal disease. The protection of podocytes is one of the most important therapeutic targets for nephrotic syndrome. A number of studies have been performed to examine the therapeutic effect of TG on podocyte injury (8,11) ; however, the mechanisms remain to be fully elucidated.
In the present study, the classical PAN-induced podocyte injury model was used to evaluate the effect of TG on podocytes. As shown in a previous study (12) , PAN induced the apoptosis of podocytes. TG treatment resulted in a reduction in podocyte apoptosis. Further investigation indicated that TG treatment effectively upregulated autophagy and increased the number of autophagosomes. In addition, the levels of PI3K/AKT pathway-related proteins were detected in the various groups, and the results revealed that TG treatment significantly increased the level of p-AKT. This suggested that activation of the PI3K/AKT pathway may be important in the regulation of autophagy and in the protective effect of TG in podocyte injury.
Autophagy, a major intracellular lysosomal degradation system, performs homeostatic functions linked to metabolism and organelle turnover. The renoprotective functions of autophagy in podocytes are predominantly mediated by the clearance of affected mitochondria and the removal of protein aggregates, which may trigger inflammation and cell death (13) . A previous study suggested that the podocyte foot processes were widely effaced following the prevention of normal autophagic pathways in the nephrons of mice (14) . Another study showed that the activation of autophagy ameliorated human podocyte injury induced by high glucose (15) . In the present study, it was shown that TG protected podocytes from apoptosis, which was accompanied by increased autophagic activity, as evidenced by an increase in the level of Lc3 and a reduction in the level of p62 (Figs. 3 and 4) . The effect of TG in upregulating autophagy was confirmed by transmission electronic microscopy. As shown in Fig. 5 , the number of autophagosomes in the cytoplasm of podocytes increased significantly when the cells were treated with TG.
The present study also revealed that the level of cellular apoptosis decreased following TG treatment in a dose-dependent manner within the safe concentration range (Figs. 1 and 2) . The podocytes were treated with different concentrations of TG and no marked induction of apoptosis was observed in the normal podocytes when the concentration of TG was <2.5 µg/ml, whereas TG markedly inhibited PAN-induced podocyte apoptosis. These results suggested that the optimal dose of TG was able to ameliorate the injury induced by PAN. cQ, a well-known inhibitor of autophagy, was used to verify the role of TG-induced autophagy. Analysis of the protein levels of Lc3-II and p62 revealed that cQ inhibited TG-induced autophagy. TG and cQ increased the levels of Lc3; however, cQ inhibited the binding process of autophagosomes and their substrate proteins, resulting in the accumulation of p62. Furthermore, apoptosis increased when cQ inhibited autophagy in the PAN group at 24 h. In particular, early apoptosis significantly increased, which may be associated with the duration of cultivation. However, the rates of apoptosis and necrosis were markedly alleviated by TG, and accompanied by the activation of autophagy. It has been reported that autophagy eliminates dysfunctional mitochondria to decrease the generation of cytochrome c, which activates apoptosis (16) . Autophagy maintains the function of the endoplasmic reticulum via the digestion of protein aggregates and misfolded proteins, thereby inhibiting apoptosis (17) . In the future, investigations aim to examine how TG upregulates autophagy and protects against podocyte apoptosis.
PAN increased the generation of reactive oxygen species and activated the cytochrome c-caspase-9-caspase-3 apoptotic signaling pathway (18, 19) . The cysteinyl aspartate specific proteinase (caspase) family of proteases are pivotal in the execution of apoptosis. They function as initiators and executioners in the process of apoptosis. caspase-3, a typical effector caspase, is responsible for the cleavage of a number of death substrates and leads to cell death (20) . The present study showed that TG at a concentration of 1.25 µg/ml markedly alleviated PAN-induced podocyte apoptosis, accompanied by a reduction in cleaved-caspase-3. This indicated that inhibiting the activation of caspase-3 may be involved in the anti-apoptotic effect of TG.
The PI3K/AKT signaling pathway, a well-known cell survival pathway, is critical in the regulation of cell autophagy and apoptosis (21, 22) . To determine the contribution of the PI3K/AKT signaling pathway in the TG-mediated anti-apoptotic effect in podocytes, the present study examined the phosphorylation and expression of AKT. The results showed that PAN downregulated the level of p-AKT, accompanied by a reduction in Lc3 and an increase in p62, whereas TG significantly upregulated the level of p-AKT and the activation of autophagy (Fig. 6 ). LY294002, a classical PI3K inhibitor, significantly downregulated the levels of PI3K, AKT and p-AKT, and inhibited the autophagic activity of the podocytes. Prospectively, TG significantly improved the inhibition of autophagy and decreased the apoptosis of podocytes (Fig. 6 ). These data demonstrated that the PI3K/AKT pathway is important in the regulation of TG-mediated podocyte autophagy. In the present study, no significant difference in the level of total AKT was found between cells treated with TG and the untreated cells. This suggested that TG promoted the phosphorylation of AKT, rather than promoting the formation of AKT, when it mediates the autophagy of podocytes.
In conclusion, the findings of the present study indicated that TG provided protection against podocyte injury via apoptosis, and that this effect was mediated by the concomitant activation of autophagy. The PI3K/AKT pathway was shown to be important in the regulation of autophagy and apoptosis. These findings provide novel insights into understanding the effects of TG. In addition to its anti-inflammatory effect, TG can reduce proteinuria and serum creatinine levels in cKd; the results of the present study identified novel therapeutic targets for the treatment of podocytopathy and glomerular diseases.
